The 5'-nucleotidase of Escherichia coli was shown to be located at the cell wall surface by histochemical techniques utilizing the deposition of inorganic phosphate. Penetration of the 5'-nucleotidase in the periplasmic space was seen only in cells treated with ethylenediaminetetraacetic acid (EDTA)-tris(hydroxymethyl)aminomethane (Tris). The 3'-nucleotidase of E. coli was also found to have a surface location, and periplasmic precipitation of inorganic phosphate was seen only after EDTA-Tris-sucrose exposure.
The 5'-nucleotidases (uridine diphosphate sugar hydrolases) of various members of the Enterobacteriaceae have been extensively studied in this laboratory (7) (8) (9) (10) . Studies utilizing the technique of osmotic shock (12, 13) have shown that this enzyme in Escherichia coli could be considered to be located at the surface of the cell (7) . Although studies of the localization of alkaline phosphatase in E. coli (1, 3) have placed alkaline phosphatase in the periplasmic space, no studies have been done on the other degradative enzymes discovered in this location by Neu and Heppel (13) . The purpose of this paper is to document the histochemical electron microscopic location of the 5'-nucleotidase of E. coli at the cell surface.
MATERIALS AND METHODS Organisms and culture conditions. E. coli K372 and E. coli K-12 were grown in the previously described phosphate medium (12) to approximately 5 X 108 cells. E. coli U24 (alkaline phosphatase-deficient) was grown in a tris(hydroxymethyl)aminomethane (Tris)-based medium (12) .
Osmotic shock. The previously described (11) Intact bacteria. Figure 1 shows that the hydrolysis of 5'-AMP, as evidenced by the precipitation of lead phosphate, is limited to the cell wall. Lead precipitation was specific for 5'-nucleoti-. 4 . . 4 are not released from cells during incubation in 0.5 M sucrose in the presence of EDTA and Tris. An osmotic transition is required. Electron photomicrographs of E. coli, after the sucrose-Tris-EDTA, exposure, revealed some cells with precipitate beneath the cell wall but external to the plasma membrane (Fig. 4) . No cytoplasmic penetration of precipitate was seen.
Cells after osmotic shock. After osmotic shock in which most of the 5'-nucleotidase was released ( protoplasts of E. coli to release 5 '-nucleotidase into the stabilizing medium (7). Experiment with 3'-nucleotidase. The enzyme cyclic phosphodiesterase (3'-nucleotidase; 10) was studied by techniques identical to those for 5 '-nucleotidase by using 3 '-AMP as the substrate. Figure 6 demonstrates surface precipitation of lead phosphate in intact cells and the internal penetration after exposure to sucrose-Tris-EDTA. As with the 5'-nucleotidase, no enzymatic activity was seen after osmotic shock.
Cryostat sections. Spicer, Wetzel, and Heppel (Fed. Proc. 25: 539, 1966) have used cryostat sections of bacteria in their localization of E. coli alkaline phosphatase and cyclic phosphodiesterase. We prepared cryostat sections and looked for both 5 '-nucleotidase and 3 '-nucleotidase localization. In both cases in untreated cells, the major activity was localized at the cell surface. We could not show localization of enzyme in the periplasmic space in cells that had not been exposed to EDTA.
DISCUSSION Although the accumulated biochemical data suggest that alkaline phosphatase (1, 3, 13), 5'-nucleotidases (7, 9) , and cyclic phosphodiesterases (3 '-nucleotidases; 10) are so-called "surface enzymes," histochemical, electron microscopic data have been published only for alkaline phosphatase (1, 3) . The precise localization of alkaline phosphatase, however, is still not absolutely clear. The enzyme could be bound to the cell wall, in the cell wall, in the periplasmic space, or bound to the cytoplasmic membrane. Each group of investigators has made different observations, so that it remains unclear whether alkaline phosphatase is bound to the outer or inner aspect of the cell wall.
According to our studies, 5 '-nucleotidase appears to be bound to the surface of the cell in intact organisms. It is only when the permeability barrier of the cell wall is altered by EDTA that it is possible to observe the enzyme in the periplasmic space.
This enzyme could not be recognized within the cell by the histochemical technique because of the presence of the intracellular protein inhibitor of 5'-nucleotidase activity (8) .
Preliminary studies on the location of the cyclic phosphodiesterase (3'-nucleotidase) suggest that it is also located at the cell surface. only selected cells showed the enzyme in the periplasmic space and never within the cell, we conclude that bacterial nucleotidases are truly surface enzymes.
The mechanism by which these enzymes remain cell-bound remains obscure. The forces cannot be purely cationic since the enzymes are not released by simple chelation. Attempts to elute these enzymes with high ionic strength buffers have also been unsuccessful (12) .
Currently we are attempting to prepare a ferritin-labeled antibody which may offer further insight into the precise location of the cell surface. But here again penetration of the antibody below the cell wall is unlikely in view of findings in Salmonella (14) .
This study suggests that 5'-and 3 '-nucleotidases are attached to the outer aspect of the cell wall and can enter the periplasmic space if permeability of the cell is altered, but the enzymes do not enter the interior of the cell.
